Ceramic tiles are the main ingredient of a multi-layer multi-material composite being considered for the modernization of tank armors. The high stiffness, low attenuation, and precise dimensions of these uniform tiles make them remarkable resonators when driven to vibrate. This study is aimed at modeling the vibration modes of the tiles and the composite lay-up with finite element analysis and comparing the results with the resonance modes observed in air-coupled ultrasonic excitation of the tiles and armor samples. Defects in the tile, during manufacturing and∕or after usage, are expected to change the resonance modes. The comparison of a pristine tile∕lay-up and a defective tile∕lay-up will thus be a quantitative damage metric. The understanding of the vibration behavior of the tile, both by itself and in the composite lay-up, can provide useful guidance to the nondestructive evaluation of armor panels containing ceramic tiles. ABSTRACT. Ceramic tiles are the main ingredient of a multi-layer multi-material composite being considered for the modernization of tank armors. The high stiffness, low attenuation, and precise dimensions of these uniform tiles make them remarkable resonators when driven to vibrate. This study is aimed at modeling the vibration modes of the tiles and the composite lay-up with finite element analysis and comparing the results with the resonance modes observed in air-coupled ultrasonic excitation of the tiles and armor samples. Defects in the tile, during manufacturing and/or after usage, are expected to change the resonance modes. The comparison of a pristine tile/lay-up and a defective tile/lay-up will thus be a quantitative damage metric. The understanding of the vibration behavior of the tile, both by itself and in the composite lay-up, can provide useful guidance to the nondestructive evaluation of armor panels containing ceramic tiles.
INTRODUCTION
Ultrasonics has long been used in NDE for flaw detection and characterization. Most of these techniques have used water or some other liquid couplant when testing a sample. The advent of composites and other couplant sensitive materials, as well as their subsequent integration into many industries (such as the aerospace industry) necessitated the development and use of non-contact NDE methods. Non-contact methods have historically been very difficult to use due to the inefficient transfer of acoustic energy though air. Over the last two decades, more efficient transducers were developed for the generation and reception of air-borne ultrasound, thus enabling the non-contact, noncontaminating inspection of composite laminates and honeycomb structures widely used in the aerospace industry. [1] Since its inception Air-coupled Ultrasonic Testing (ACUT) has been treated as a low frequency version of water-coupled ultrasonics and mimicking the same testing methods has proven difficult. This paper explores the development and plausibility of a new technique for ACUT.
PROBLEM STATEMENT
The US army is developing a new type of armor for tanks and other military vehicles. This new armor is a multi-layered, multi-material composite consisting of five layers which are carbon fiber/epoxy, silicon carbide ceramic (SiC), carbon fiber/epoxy, rubber, and glass fiber/epoxy. The particular structure of this layup provides some difficulties when using the more traditional NDT techniques. Fig. 1 shows simplified attenuation through the different layers of the sample using just the reflection and transmission coefficients. From this plot it is evident that frequencies of less than 1 MHz should be used. Fig. 2 shows the signal from a pulse-echo type scan. The signal is very convoluted and will be very difficult to analyze. Both of these complications, as well as the complication of needing a water tank, are negated when considering ACUT. ACUT has an operating range that is typically below 1 MHz, does not work in pulse-echo, and uses air as a couplant so there is no need for a large tank.
In this work we explore the question of whether Air-coupled Ultrasound can be used to develop a field-able NDE scanning technique. We believe it is possible if the strengths of ACUT are used. The low frequency, low bandwidth, and the ability to penetrate thick parts allows the transducers to excite the natural frequencies of a material and produces resonant images that can be inspected for flaws.
PRELIMINARY SCANS
Preliminary scans of a sample layup (Fig. 3.) clearly showed six-fold symmetric resonance patterns the same size and shape as the ceramic tiles included in the layup. This indicates the tiles are the strongest resonators in the layup. The sample layup contains both Alumina tiles and a single SiC tile. The singular SiC tile is easily distinguishable from the Alumina tiles by visual inspection of the resonance patterns even though the only differences are the material properties and the density. The Alumina tiles have a "spot" pattern while the SiC tiles have a "spoke" pattern. It is also important to note that the resonance images of the SiC tiles change with frequency.
The ceramic tiles show up strongly in the scans of the sample layup and since size, shape, and material are visually apparent, these resonance patterns can be used for flaw detection. Any change in the resonance images, whether a change in the pattern or a change in the frequency, indicates some difference from an undamaged sample. Characterization of the tiles is important to the development of a new scanning technique since the resonance patterns of the bare tile match those of the sample layup. Figure 4 shows that the resonance patterns match between the bare SiC tile and the SiC tile in the sample layup. ANSYS models confirm this result over many frequencies and resonance patterns, and will be discussed in the next section.
ANSYS MODELS
Several models have been created using the software ANSYS to help explain the results of the preliminary scans, to provide predictions of the behavior of the layup, and to provide analysis of flawed samples. Since the preliminary scans showed strong resonances, modal analyses should provide reasonably accurate results. The model of the full layup uses all five layers with correct, accurate layer thicknesses, material properties, and fiber directions and shows that the rubber layer acts as an impedance barrier. This allows the glass layer and the GCG (graphite-ceramic-graphite) to vibrate separately as 
FIGURE 5.
Comparison between the front and back vibrations at different frequencies using ANSYS modal results for the full layup model. The right hexagon in the images is the GCG (back half of the layup), the left is the glass layer (front half of the layup). The useful information here is the vibration patterns (or lack thereof) and the frequencies. seen in Fig. 5 . Due to the results showing two separate vibrating layers and the fact that the glass layer resonance patterns do not show up in the preliminary scans, only the SiC tile and the GCG need be modeled, and indeed because of the rubber layer the modal results for the full layup will not be accurate.
Some important things can be learned from the modal results of the bare tile and the GCG as shown in Fig. 6 . The first observation is that there are several distinct and symmetric resonance patterns within a relatively small frequency range. These resonances occur at very specific frequencies and can easily be used in conjunction with each other to detect and possibly characterize flaws in the tiles and the full layup. The second observation is that many of the resonances change from vertex-centered symmetric to sidecentered symmetric, and that several of the resonances occur in pairs at the same frequency. The third observation is that in the GCG results, the same resonances are seen as in the SiC results, though at a lower frequency and slightly lower amplitude. The last thing to note is that the pairs of resonances that occur at the same frequency in the SiC results occur at separate frequencies in the GCG.
A quick comparison of the ANSYS modal results of the bare SiC tile with the scans of the same tile (Fig. 7) shows that the results mach quite well. ANSYS even accurately predicted the repeated resonance patterns. This lends credence to any future ANSYS results. 
SCANNING THE TILE
Two different scanning setups were used for characterizing the tile. The first setup was a normal C-scan where both the transmitter and receiver scanned the sample in through transmission. The second setup had the transmitter stationary and impinging on the center of the tile while the receiver scanned the sample in through transmission. Both scanning setups were used with multiple frequencies to map the resonance images. The transducer frequencies used were 100kHz, 120kHz, 150kHz, and 225kHz.
The two different scanning setups yielded different resonance modes. The first setup allowed the tile to vibrate for a short time before impinging in a different area of the tile while the second setup allowed the vibration to build up and a strong resonance to dominate the response. It is important to note that due to the non-zero bandwidth of the transducers and the sheer number of resonance modes of the tile in such close proximity, the results from both scan setups are actually superpositions of several different resonances. This may prove to be a difficulty in using the traditional C-scan for flaw detection.
HARMONIC SCANS
In light of the evidence that the resonances of the SiC tiles are strong enough to show through several layers of other materials and the fact that the frequencies of certain resonances will change when a flaw is present [2] [3] , it is important to isolate several strong and distinct resonances of the SiC tile. To do this a harmonic scan of the bare tile was performed using several different transducers. The scan used a function generator to impinge the center of the tile with continuous wave (cw) which was then received by an oscilloscope and the oscilloscope calculated the peak to peak amplitude of the received signal. Once the amplitude was recorded the frequency of the function generator was increased by 'f.
The results from the harmonic scan show that there are several very strong resonance peaks that should be further investigated. The signal through the tile at these peak frequencies was nearly as strong as the signal through air, and the resonance sharpness (Q) of these peaks were very high, 15000-47000. The frequency and amplitude of these peaks may change as more and more layers are added to the tiles. At this time no harmonic scan has been performed on the GCG or the full layup due to the high energy required penetrating the samples. A higher energy tone burst of several hundred volts should be able to penetrate both the GCG and the full layup where the 40 volt cw could not.
FLAW DETECTION
The biggest question this research is endeavoring to answer is whether or not flaw detection in a multi-material, multi-layered composite is possible using air-coupled ultrasound. To answer this question a sample layup was analyzed using a typical C-scan in through transmission. The sample contains six engineered disbonds, one over each of the SiC tiles as shown in Fig. 8b . The disbonds are 0.5", 1.5", and 2.5"with the top row of disbonds placed between the rubber and glass layers and the bottom row placed between the GCG and the rubber layer. The 1.5" and 2.5" disbonds are visible in this scan and the 0.5" disbond in the top row (Fig. 8b) can be detected when compared to the scan of the tile with no known defect (Fig. 8a) due to a large change in the amplitude and clarity of the resonance image. Furthermore, the difference in the disbond locations can be distinguished with through transmission! In Fig. 8c the resonance patterns have been highlighted for easier comparison. If the top row of images is visually compared to the bottom row, the differences in the resonances are apparent. The bottom 0.5" pattern matches very closely with the tile with no known defect while the top 0.5" pattern is significantly different and seems to have been disrupted though the cause of this disruption is not known. The top 1.5" and 2.5" images are very chaotic and no resonance pattern is evident for the 2.5" image, though some of the resonance pattern is still detectable in the top 1.5".Comparison of the 1.5" patterns shows that they are basically the same as the 0.5" images, only lower amplitude, and show the same relation, but with is a very low amplitude region in the approximate location of the disbonds. In the top 2.5" image there is no detectable pattern though the pattern is evident in the bottom image. This pattern in the bottom image matches the pattern of the tile with no known defect quite well. There is also a secondary pattern (outlined in yellow-orange), though what causes this is unknown. It is clear from these comparisons that 5 out of the 6 disbonds are detectable with this scan and that there is a significant and noticeable difference between the resonance images of the disbonds located between the rubber layer and the glass layer and the disbonds located between the GCG and the rubber layer. Figure 9 shows the same two panels shown in Fig. 8 , but using a 225kHz transducer instead of a 120kHz transducer. Again the first image (Fig. 9a) shows the resonance pattern of the tile in the full layup with no known defects, the second image (Fig. 9b) outlines the six engineered defects, and the third (Fig 9c) highlights some of the resonance patterns.
Looking at the 0.5" disbonds the top and bottom images are very similar and match well with the no defect image; however the high amplitude center is not present. This indicates that both of the 0.5" disbonds are detectable. The resonance pattern is still detectable in the bottom 1.5" but not in any of the rest of the defects. Two of the three bottom disbonds have discernable resonance patterns while only one of the top disbonds has a discernable resonance pattern.
It is clear from these comparisons that 6 out of the 6 disbonds are detectable with this scan and that there is a significant and noticeable difference between the resonance images of the disbonds located between the rubber layer and the glass layer and the disbonds located between the GCG and the rubber layer.
Not only are disbonds detectable with this scan, but a density difference of less than 1% was very evident in a 225kHz C-scan of two tiles. The resonances of two tiles are shown in Fig. 10 , the top tile is a tile of normal density and the bottom is a tile of ~1% lower density. They both have exactly the same size and shape, the only difference is the density.
The resonances from the upper tile are visually different from the bottom tile with close inspection; however, the third image is so drastically different that almost no inspection is needed. It is astonishing how different the resonances of the upper tile and the lower tile are. This is the type of difference we are hoping to find more of and exploit.
DISCUSSION AND CONCLUSION
This paper reports the initial results in the exploration of a new NDE technique, Air-coupled Ultrasonic Resonance Imaging. This approach is believed to hold a lot of potential for inspecting multi-material, multi-layered composite samples, especially when the part is very thick, sensitive to couplant, or very attenuative. Disbonds, disbond locations, as well as small density variations, have been shown to be detectable with this method. For this specific project and with this specific material, Air-coupled Ultrasound has several distinct advantages, namely: there is no water tank, operates in a less attenuated frequency range, and can potentially detect flaws and flaw location with one scan.
More work needs to be done, both in the lab and modeling, before this technique can be validated. The effects of the location of defects, in the different layers and over different parts of the tiles, should be modeled to fully understand the changes, in the resonance patterns and frequencies, and aid in subsequent NDE analysis. This technique shows a lot of promise for this project in particular and for many similar materials.
